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o Capital: Brussels
@ Population: 11,000,000
o King: Filip |
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BS Eng. MS Eng. PhD

— A S S G

1987 2005 2010 2015

STEM Career:

@ 2005-2008: BS Mechanical-Electrical Engineering

@ 2008-2010: MS Mathematical Engineering

@ 2011-2015: PhD Computer Science

KU Leuven, University of Leuven, Belgium
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KU Leuven, University of Leuven

o Founded: 1425
@ Students: 50,000
o Tuition: $1,000
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PhD

1987 2005 2010 2015 2020

PhD Thesis:

Rational Krylov methods for nonlinear eigenvalue problems
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My Research

Mathematics Engineering

Informatics
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Eigenvalue problems
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Eigenvalue problems

Google
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Linear eigenvalue problem

X2
X1 Xn

The eigenvalues and eigenmodes of a string are the solution of

a1 di12 ... din X1 X1

a1 da22 ... din X2 X2
=

dnl dn2 ... dann Xn Xn

X X X

where
@ A is an eigenvalue

@ X is an eigenvector
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Quadratic eigenvalue problem

1

Vibration analysis in structural analysis gives rise to
(MM +AC+K)x=0

where
@ )\ is an eigenvalue
@ X is an eigenvector
@ M is the mass matrix
o C is the damping matrix

@ K is the stiffness matrix
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Nonlinear damping

Clamped beam: Clamped sandwich beam:

(PM+AC+K)x=0 (NM+C(\)+K)x=0

Il

(NI

Al

Al

for A on the imaginary axis
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Active damping

Active damping in cars:

input output
System

Controller

Delay eigenvalue problem

()\2I\/I+>\C+K+e’A"E>x:O
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—AAN

1987 2005

STEM Career:
e 2005-2008:
2006-2010:
e 2008-2010:
2010-2011:

o 2011-2015:

BA Arch. 2010 A Arch. 2015

BS Mechanical-Electrical Engineering

BA Archaeology

MS Mathematical Engineering

MA Archaeology

PhD Computer Science

KU Leuven, University of Leuven, Belgium
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Sagalassos Archaeological Research Project (Turkey)

NEWS NE-MINUTE WORLD NEWS

NeweEronETags Page last updated at 13120 GMT, Tussday, 26 August 2008 14126 UK
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Marcus Aurelius spent much of his reign, from 161AD-180AD, fighting
Germaric tribes along the Danube. But he is also remembered as ane
of the foremost Stoic philsophers
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Sagalassos Archaeological Research Project (Turkey)

W L ¢ Earthquake Data Imported From Various Governments

Live Earthquakes Map \ : =~ AFree Public Service From www.GloballncidentMap.com
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Postdoc 1 Postdoc 2
AN S

1987 2005 2010 2015 2020

STEM Career:
@ 2005-2008: BS Mechanical-Electrical Engineering
2006-2010: BA Archaeology
@ 2008-2010: MS Mathematical Engineering
2010-2011: MA Archaeology

@ 2011-2015: PhD Computer Science

@ 2015-2016: Postdoc © KU Leuven

o 2016-2019: Postdoc © Berkeley Lab
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Postdoc @ Berkeley Lab

o LBNL Postdoc:
— Computing Sciences Area
— Computational Research Division
— Applied Mathematics Department
— Scalable Solvers Group

@ Research Projects:
o Eigenvalue problems
o Model order reduction
o Numerical software development
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Scientist

AN : t : —
1987 2005 2010 2015 2020

@ Since 2019: Career-track Research Scientist @ Berkeley Lab

@ 2019 LDRD Early Career Award

o Project: Approximate Unitary Matrix Decompositions for Quantum Circuit Synthesis

o 1st Postdoc: Daan Camps
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Compiling Quantum Programs: Quantum Circuit Synthesis

Quantum Applications

Quantum Program

|

n qubits

encode 2" states :

U

n qubits

: encode 2" states

a quantum program U, is a
unitary matrix of size 2" x 2",
too large to write down for large n

R. Van Beeumen (CRD)

Quantum Chip

Quantum Circuit

—i—e—iz—e
<l
@ o L"gj 110}
£ -
e
is a series of quantum gates,
each performing a simple unitary
transformation on only a few qubits
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Qubits and Quantum Circuits
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Classical Bit versus Qubit

Classical bit Quantum bit
2 states: 0 and 1 linear combinations: [¢)) = «/0) 4+ B/1)

g |1)
.
e 10)

Computational basis states
_ |1 _ 1|0 2 2 _
0= g = | of? + 18] = 1
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Kronecker Products

Kronecker product of matrices A and B

anB apB - armB
aB apB -+ aymB
A® B = ] )
an,lB an,2B an,mB
Properties
(WA)@ B=A® (yB) =v(A® B)
A®(B+C)=AQB+A®C
(B+C)0A=BoA+CoA
and

(A® B)(C ® D) = (AC) ® (BD)
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Unit Vectors and Identity Matrix

Unit vectors

Identity matrix

oAl =b oo ]

—— =
E1:e1e1T Eg:e2e2T

Direct sum
ADB= [A B] =EEQRA+E®B
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Multiple qubits

2 qubits:
[) = a|00) + B |01) + ~|10) + 0|11)
1 0 0 0
1
00):= |31 ovy= g hoy= (9  janyi= | a2 + 187 + [y + | = 1
0 0 0 1
n qubits:

@ state space of dimension 2"

o linear combination of 2" computational basis states

2

W> - Z ®j132-3n (ejl RejpR ejn)
j1,eejn=1
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Quantum Circuits

Matrix notation Quantum circuit

¢ = Uy ) U= 16)
¢=Un- Ul ) U Hbl - —{Un - 19)
U1 .

/
Uctr:/@U:[ U:|
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Quantum Gates

Hadamard 12[1 _ﬂ Pauli-X 1 (1)]
Phase [(1) (1)] Pauli-¥ i _01]
1 O . 1 O
/8 [0 ei7r/4:| Pauli-Z 0 _1]
1
—e— 1
Controlled-NOT (CNOT) N 01
1 0
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CNOT gate: definition
@ 1st qubit g;: control a —e—
@ 2nd qubit gp: target @2 —b—

@ controlled operation:

Uir=1X=EI+E&X

@ controlled NOT:

1
10 1 0] [oo] [o1 1
CNOT_[O 0]@’[0 1]*[0 1]@’[1 0]_ 01
1 2
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CNOT gate: behavior

target bit = |0)

1 * *
0 ——D RN
|¢) —D— |9) o 1llo| = |o| = 109
i 1 0_ 0_ _0_
target bit = |1)
1) —— 1) ' o8
0) 1 ' 0 1 ? = 8 = ’11> 1 0
) —b— 1) 1 ollo . 00) <= H lo1) := H
- - - - - - 0 0
1 TT0] o] 0 0
|]-> — ‘]-> 1 8 8 |10) := {2} |11) := |:g}
1) —d— [0) o 1|lo| =[] = 110) ° !
' ' i 1 0] 1] 0
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SWAP gate: implemented by 3 CNOTs

SWAP gate:
qi I a2
q2 qi

can be implemented by 3 CNOTs

|
|
D
3V
= O

O =

|00) := |01) := [10) := [11) :=

OO O
[N o]
(=N e N}
= O OO
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Quantum Fourier Transform
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Discrete Fourier Transform (DFT)

x: vector of length N — y: vector of length N

1 N—-1

ki . ) —2mi

Yk = — Wp Xj with Wy =€ N
rNjZ; N X5

Matrix notation

wy W wh Wiy
wR, w,l\, w,z\, wx_l
1 0 4 2(N-1)
y = Fux, Fy:=—— |Yv  Wn Wi N
VN S -
WRI wll\\ll_l w/2v(N_1) w(N—l)(N—l)
Examples L1 1 01 1 1
1 (1 1 1 111 —i -1 i
F=11], 5:—[ ] Fi=-—211 ws wi|, Fa=
vz 1 1 V3 1 w? ws 2|1 1 ! 1
1 i -1 —i
Complexity

Matvec: O(N?)  — FFT: O(Nlog(N)) — QFT: O((log(N)?)
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Fast Fourier Transform (FFT)

o applies Discrete Fourier Transform in O(N log N)

@ by recursively using radix-2 decomposition of permuted DFT matrix (Fy = PF})

Fl — i FI(I/Q Fl<l/2 _ i F/([/Q |:/N/2 IN/2 :|
N V2 Fl(l/zﬂ’\’/2 _'E/<//2Q"’/2 V2 Fl(’z QN/2 _Q’V/2

o let N =2" or n = log,(N)
Fn = PMiM; - - - M,

where )
M:In— ®7
o ﬁ[

/2k—1 /2k—1

k=1,2,...
Qok-1 Q2/<1]7 1Sl
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Quantum Fourier Transform (QFT)

o recall the radix-2 decomposition (F}, = F/)

ol e e J GRS )
=(h®F,_)l, 152 1) (H®,_1)

Dn

where
1
Q=RORR R, ® Rnpt1, Rk;:[ ]
(.L)2k

@ quantum circuit for diagonal blocks

q1 — - 4T7
e = g
. D, = = .
Q,_
qn—1 — — — n—1] - Rn_1 e —
qn — — —] — R,T‘
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QFT Circuit

a —{HH -
I |

qz

Gn1 - -

D,

an ] |

o complexity: (’)((|Og(N)2)

@ in matrix notation
Fn= PnFln =P,MiM;z---M,

where
My =1,k ® [Di(H @ lk-1)] k=1,2,....n
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Conclusions

Deriving the QFT from the FFT

@ by decomposing diagonal factors in FFT decomposition
o extend radix-2 to radix-d QFT decomposition

o QFT decomposition and corresponding circuit is not unique
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